ABSTRACT: We present a theoretical investigation of the prismatic (011̅ 0) surface of troilite in an oxidizing environment, which aims to elucidate the presence of oxygen detected experimentally in the pyrrhotite Fe 1−x S nanoparticles. We find that atomic oxygen adsorbs in Fe−O−Fe bridging motifs, which are thermodynamically stable under ambient conditions. During the first oxidation steps, the formation of the S−O bond is less favored than Fe−O, suggesting that the sulfur oxides detected experimentally form only subsequently. We predict, moreover, that substitution of sulfur for oxygen can occur. The appearance of Fe−O−Fe−O−Fe bridging motifs due to successive adsorptions points toward a clustering growth of the oxidic units. In agreement with the experimental observations, the oxidation of troilite is exothermic, where the equilibrium between adsorption and substitution is influenced by the presence of Fe vacancies.
INTRODUCTION
Iron sulfide surfaces play a pivotal role in a number of significant environmental processes. Their exposure to air and water is responsible for the harmful formation of acid mine drainage. 1 In aqueous solution, they can adsorb heavy metals and radionuclides, thereby providing an effective solution to the remediation of polluted water.
2−7 Considerable interest has been devoted to the role of iron sulfides as possible catalysts in the formation of the first organic compounds at hydrothermal vents, 8−11 where the formation of mackinawite FeS has been revealed in experiments simulating chimney growth under early Earth conditions. 12 On the basis of this attractive hypothesis, the reduction of carbon dioxide to organic molecules has been demonstrated to occur under ambient conditions on greigite Fe 3 S 4 . 13 Pyrrhotites Fe 1−x S (0 ≤ x ≤ 0.125), the most common iron sulfides in nature after pyrite FeS 2 , hold great potential as catalysts. In particular, both molecular hydrogen 14 and oxygen 15 evolution, as well as the hydrogenation of azobenzenes, 16 have recently been shown to occur on their surfaces.
Like pyrite, pyrrhotites are very reactive toward molecular oxygen, which is easily incorporated into their surfaces. 17−21 In order for the catalytic mechanisms to be understood properly, we need to achieve a detailed knowledge of the oxidized substrate available to the reactants after exposure to ambient air. However, contrary to pyrite, 22−29 theoretical investigations of pyrrhotite surfaces are scarce 30 and none exist to the authors' knowledge on their oxidation.
Here, after synthesizing pyrrotite nanoparticles and using Xray photoelectron spectroscopy (XPS) to show that the catalytically relevant surfaces contain Fe−O and SO x species, we use density functional theory (DFT) to study the early oxidation mechanism of the prismatic surfaces of troilite FeS (i.e., the stoichiometric end-member of the pyrrhotite group).
In agreement with experiment, we find that the incorporation of oxygen is thermodynamically favored, with a tendency for the oxidic units to grow in clusters. We also discuss how Fe vacancies affect the oxidation mechanism.
METHODS
2.1. Ab initio Thermodynamics. The free energy γ of a surface in equilibrium with particles acting as reservoirs can be expressed under given thermodynamic conditions of temperature T and pressure p as 31 
∑
where G is the Gibbs free energy of the solid exposing the surface A, and N i and μ i are the number and chemical potentials of species i, respectively.
Following eq 1, the free energy of a troilite surface interacting with molecular oxygen becomes
where G slab is the Gibbs free energy of the surface slab and the factor 2 takes into account its symmetric terminations. We note that μ Fe and μ S cannot be independent, as Fe and S particles are in equilibrium with bulk FeS, which acts as the thermodynamic reservoir:
where g FeS is the Gibbs free energy per formula unit of troilite. We can use eq 4 to remove the dependence of γ on μ Fe in eq 3:
The oxygen chemical potential, μ O , can be expressed as
where E O 2 is the DFT energy of the oxygen molecule, which includes a +0.81 eV term correcting the overestimation of the O 2 binding energy by the PBE functional, 33 and p 0 is a reference pressure. All the temperature-dependent contributions are included in μÕ 2 , which can be derived by using the tabulated enthalpy and entropy values at p 0 = 1 atm. 34 Under conditions of room temperature and pressure (T = 300 K and p = 1 atm), μ O corresponds to −4.80 eV.
The sulfur chemical potential cannot vary without bounds. At sufficiently high values of μ S , orthorhombic S 8 will start to form, which sets the upper bound limit:
while eq 4 together with the condition that metallic Fe does not form imply that
where g S 8 and g Fe are the Gibbs free energy per formula unit of orthorhombic S 8 and metallic Fe, respectively. Equations 7 and 8 determine the values of the S-rich and S-poor conditions, respectively. The Gibbs free energy of the solid species can be decomposed as
where E is the electronic energy and F vib the vibrational term. In this work, we have neglected the vibrational and the pV contributions. Equation 5 therefore becomes
where E slab and E bulk are the DFT energies of the slab and per formula unit of troilite, respectively. 2.2. Computational Details. All geometry optimizations were performed with VASP 5.3 35, 36 using the PBE functional 37 and the same U parameter of 1 eV as in previous works on troilite. 38, 39 We have employed the projector augmented wave method to model the core−electron interaction, 40 treating explicitly the 4s, 3d, and 3p electrons of Fe and the 3s and 3p of S. The spin configuration of troilite, antiferromagnetic along the c axis, 41 was used for all surfaces. The optimizations were performed with a plane wave cutoff of 400 eV, which guarantees that absolute energies of bulk troilite are converged within 1 meV per formula unit and stopped when the forces acting on the ions were less than 10 −2 eV/Å. After finding that a 4 × 4 × 2 Monkhorst−Pack grid 42 ensures that absolute energies of bulk troilite are converged to better than 1 meV per formula unit, we scaled the grids of the surface calculations inversely with the dimension of the unit cells. Surface slabs were separated by a vacuum region of 16 Å along the normal direction. All structures were drawn with VESTA. 44 using iron(II) acetylacetonate (Fe(acac) 2 ) (Molekula), sulfur (sublimed) (Alfa Aesar), and oleylamine (OAm) (70%) (Sigma).
Reactions were carried out in a three-necked flask equipped with a condenser, temperature probe, and magnetic stir bar. OAm was initially degassed by bubbling nitrogen rapidly through for 30 min, and the reaction was carried out under a nitrogen atmosphere. Fe(acac) 2 (0.77 g, 3 mmol) and sulfur (0.098 g, 3 mmol) were placed in a flask and flushed with nitrogen. The degassed OAm (60 cm 3 ) was added and stirred to produce a dark red suspension. While constantly bubbling nitrogen through the reaction mixture, the suspension was rapidly heated to the reaction temperature and held for a certain amount of time before being cooled to room temperature. Experiments were performed at either 280 or 310°C, and the heating period was between 4 and 12 hours. To remove the OAm, acetone was added (40 cm ), followed by centrifugation and removal of the organic brown supernatant layer. To wash the black iron sulfide nanocrystals, the solid was then resuspended in toluene, followed by centrifugation. This step was repeated until the supernatant was clear and colorless. The sample was then left in a vacuum oven at room temperature overnight and stored as a powder.
X-ray powder diffraction (XRD) was performed on a PANalytical X'pert Pro powder diffractometer with a Ni filtered Cu Kα radiation source operating at 40 keV and 40 mA. Patterns were recorded over the angular range 10−80 degrees, using a step size of 0.016 degrees. The XRD showed a wellcrystallized sample, with a diffraction pattern that confirms the iron sulfide phase as Fe 1−x S, monoclinic pyrrhotite, ICDD 01− 078−4315. Following the method reported by Yund and Hall, 45 which uses the d 102 spacing to determine the Fe/S atomic ratio according to the equation: we estimated our sample to be Fe 0.94 S. 2.4. X-ray Photoelectron Spectroscopy. XPS was performed on a Thermo Fisher Scientific K-alpha+ spectrometer. Samples were analyzed using a microfocused monochromatic Al X-ray source (72 W) over an area of approximately 400 μm. Data were recorded at pass energies of 150 eV for survey scans and 40 eV for high-resolution scans with 1 and 0.1 eV step sizes, respectively. Charge neutralization of the sample was achieved using a combination of both lowenergy electrons and argon ions. Data analysis was performed in CasaXPS using a Shirley type background and Scofield cross sections, with an energy dependence of −0.6. With the absence of mineral standards, the line shapes for Fe−S species were deduced from electronic spectra taken from the work by Shimada et al. 46 The S 2p spectrum was fitted with a doublet representing the characteristic spin−orbit splitting of S 2p 3/2 and S 2p 1/2 lines.
RESULTS AND DISCUSSION
3.1. Surfaces of Troilite. Troilite belongs to the hexagonal crystal system (space group P6̅ 2c). Its crystal structure where Fe atoms are arranged in a distorted octahedral coordination is shown in Figure 1 . The calculated lattice vectors a and c and the internal atomic positions of troilite which we have used to create all surface unit cells are in very good agreement with the experimental values (Table 1) .
We can decompose the structure of troilite into four (0001) and (011̅ 0) surfaces, respectively, employed in our calculations. It can easily be seen that terminations B, D, and E can be obtained by the symmetrical removal of one or more layers.
Contrary to the prismatic (011̅ 0), the basal (0001) surface of troilite is polar, which poses a significant challenge to the prediction of its termination. Polar surfaces exhibit a dipole moment which grows with the thickness of the slab and makes it unstable. 48 Unfortunately, no experimental data are available for the (0001) surface of troilite, which prompted us to introduce three nonpolar models following an approach based on the removal of surface atoms.
49−51 First, we constructed two 2 × 1 surface slabs (symmetric under reflection about the plane β) which terminated either with the S or the Fe atoms of layer A. Next, we removed symmetrically three of the six topmost atoms, thus attaining formal charge neutrality while eliminating the dipole from the slab.
The resulting S-terminated models are depicted in Figure 3 . In A1, the removed S atoms belong to the same 1 × 1 unit cell, so that the two rows of S atoms running parallel to the [101̅ 0] direction are half occupied. In A2, every other row of S atoms which runs parallel to the [101̅ 0] direction is fully removed. In A3, only two of the three atoms of a row are removed, while the third is taken from the adjacent one. At this point, we should add that all the Fe-terminated slabs were unstable and relaxed into S-terminated ones. Table 2 shows that all the (011̅ 0) terminations resulted in surface free energies which were between 25 and 30 meV/Å 2 lower than those of the (0001) surface models, although we cannot exclude the formation of other (0001) reconstructions with lower energies (Fe vacancies could for example contribute to their stabilization as in the Fe 7 S 8 opposite end-member of pyrrhotites 30 ). Termination C, in particular, has the lowest surface free energy. Figure 4 shows the optimized structure of termination C. The relaxation from its bulk truncated structure depicted in Figure 2 is significant. Interestingly, the Fe6 atom of the subsurface layer presents the largest displacements. It moves upward by +0.97 Å, breaking the bonds with the sulfur atoms in the layer underneath and changing its geometry from octahedral to tetrahedral. While the relaxation of surface atoms along z is minor, it is not along the other two orthogonal The Journal of Physical Chemistry C Article directions. Finally, we mention that all the displacements vanish in the fourth layer, which confirms that our slab is thick enough to mimic bulk behavior. The atomic relaxations of termination C, hereafter employed to model the (011̅ 0) surface, are summarized in Table 3 .
3.2. Oxidised Surfaces. Figure 5 shows the Fe 2p 3/2 and S 2p XPS spectra of the Fe 1−x S nanoparticles, exposed to air for 3 days after their synthesis. 44 Table 4 reports the corresponding peak assignments. The Fe 2p 3/2 spectrum exhibits both Fe−S and Fe−O species, with the Fe−S component present at 706.7 eV, about 1 eV lower than that reported for Fe(II)−S bonds by Pratt et al., 18 despite the S 2p peaks within experimental error. In the S 2p spectrum, we observe a dominance of monosulfides, followed by polysulfides and disulfides. Importantly, we detect the presence of SO x species.
To shed light on the formation of the oxidic species, we have investigated the thermodynamics of the early oxidation of the (011̅ 0) troilite surface under ambient conditions. In doing so, besides the standard adsorption of oxygen atoms, we have also taken into account their incorporation by replacing sulfur a Labels refer to Figure 4 . The Journal of Physical Chemistry C Article (which we have assumed to be released in its elemental form), as in a previous study explaining acid mine drainage caused by greigite. 52 Similarly, the substitution of sulfur for oxygen contributes to the oxidation of molybdenum disulfide. 
27,29
Next, we have studied all the possible replacements of a surface sulfur with an oxygen (f−h, Table 5 ). In the most stable structure, g, the oxygen occupies the S4 site in the bottom panel of Figure 2 . However, the top panel of Figure 6 shows that, in the entire range of the allowed sulfur chemical potential, configuration g is less favored than the Fe−O−Fe bridging structure a, which we illustrate in the top panel of Figure 7 . In summary, we suggest that the oxidation of the (011̅ 0) surface of troilite starts with the formation of Fe−O−Fe bridging structures.
3.2.2. Two Oxygen Atoms. Starting from the most stable structure a, we have proceeded with the incorporation of a second oxygen atom. As listed in Table 6 , we have relaxed a structure with a Fe−O−Fe−O−Fe bridging configuration (a) and a second with two separate Fe−O−Fe geometries (b). In addition, we have considered two further structures with a molecular oxygen between two adjacent Fe, either in a Fe−O− O−Fe bridging (c) or in a vertical configuration (d). An additional structure e differs from a as the second oxygen atom is also bonded to a sulfur atom (i.e., it is in a triple bridging configuration). Structure a is the most stable among the five investigated, with a difference of around 8 meV/Å 2 from b, which points toward a tendency of the bridging oxidic units to share the Fe atoms. In line with the results from the single atom incorporation, we find that the S−O bond, which we tested in structure e, does not form during the early oxidation. We note that both c and d are much higher in surface free energy than a and b, which suggests that the dissociation of any adsorbed molecular oxygen is a thermodynamically favored process.
Among all the possible substitution structures (f−i, Table 6 ), we find f, where the sulfur closest to the previously adsorbed oxygen is replaced, to be the most stable. Interestingly, the surface free energy curves in the middle panel of Figure 6 show that, with the exception of the most extreme region of the sulfur chemical potential, structure f is more favored than any adsorption, which confirms the significance of the oxidative substitution mechanism in iron sulfides. 52 We depict structure f in the middle panel of Figure 7 .
3.2.3. Three Oxygen Atoms. In a similar fashion to the previous two oxidation steps, we have added a third oxygen atom to the most stable structure f discussed above. We have considered two different configurations obtainable by the addition of a second Fe−O−Fe bridging bond (Table 7) 
a Fe and S labels refer to the bottom panel of Figure 2 . All possible configurations incorporating oxygen by a second sulfur substitution fall within a range of 5 meV/Å 2 (d−f, Table   7 ). As shown in the bottom panel of Figure 6 , apart from the very small region below −4.9 eV, their surface free energy curves are always above that of structure a. The geometry of structure a, which we illustrate in the bottom panel of Figure 7 , suggests that the clustering of the oxidic structures over the appearance of isolated Fe−O bonds is preferred from the very early stages of oxidation of troilite, a behavior similar to that observed during the oxidation of metals. 55 The consistent decrease in the surface free energies with the addition of oxygen atoms, which can be appreciated by comparing the three plots of Figure 6 , clearly indicates that these sulfide surfaces are only metastable in air, as they are increasingly stabilized by each oxidation step. In line with the XPS results, the initial oxidation of troilite is expected to be an exothermic process.
3.3. Role of Fe Vacancies. Fe vacancies are by far the most common defects in troilite. As such, we have investigated their stability on the (011̅ 0) surface and their effect on the incorporation of oxygen, limiting our analysis to the single atom adsorption. Figure 8 illustrates the free energies of the clean and defective (011̅ 0) surfaces in the presence of Fe vacancies located in all possible sites of the surface and the subsurface layers (bottom panel of Figure 2 ). All the defective terminations present a stability window, which covers the entire range of the sulfur chemical potential in the case of Fe6 and Fe7 vacancies. This is a clear indication that troilite surfaces, regardless of the synthesis conditions, almost certainly will contain some Fe vacancies, in close agreement with experimental findings.
56
At this point, we would like to discuss the effect of the vibrational contributions of the solid species, ΔF vib = F slab vib − N Fe F bulk vib to the energetics of the defects. We have used the harmonic approximation [i.e., F vib = ∑ i log(2 sinh (ℏω i / 2k B T))] to estimate the vibrational terms of bulk troilite, and of the clean and Fe-defective (011̅ 0) surface, where ω i are the phonon frequencies at the Γ-point. When simulating slabs, we have included in the Hessian matrix only the atoms of the three topmost FeS layers, which is consistent with our previous finding that all atomic displacements vanish in the fourth layer. We have found that the magnitude of ΔF vib is less than 4 meV/ Å 2 at room temperature, in line with the previous literature. 57, 58 As a consequence, the conclusions drawn above on the stability of the defective terminations are not affected (inset of Figure  8 ), thus justifying the decision to neglect the vibrational terms throughout this work. We have employed the most stable Fe6-deficient surface to study a number of oxygen incorporations in the proximity of the vacancy. In particular, we have relaxed the structures labeled 
CONCLUSIONS
The presence of Fe−O and SO x species on the surface of Fe 1−x S nanoparticles under oxidizing conditions, evidenced by XPS data, prompted us to undertake a theoretical investigation of the initial mechanisms of oxygen incorporation, which clarifies some fundamental processes occurring in the (011̅ 0) surface of troilite FeS. We find that the oxidation is extremely exothermic and starts with the appearance of Fe−O−Fe motifs which tend to agglomerate even before the formation of the sulfur oxides observed by XPS. Besides adsorption, our calculations suggest that oxygen atoms can be the result of sulfur replacement. In agreement with the experimental literature, we predict Fe vacancies to be stable, with a tendency to form in the subsurface layer. Fe vacancies contribute toward the stabilization of the S−O bond and, moreover, shift the mechanism of oxygen incorporation in favor of substitution, thus playing a key role during the early oxidation of troilite.
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